The gamma-ray pulsar PSR B1509058 and its surrounding nebulae have been observed with the CANGAROO 3.8m imaging atmospheric Cerenkov telescope. The observations were performed from 1996 to 1998 in Woomera, South Australia, under dierent instrumental conditions with estimated threshold energies of 4.5 TeV (1996), 1.9 TeV (1997) and 2.5 TeV (1998) at zenith angles of 30 . Although no strong evidence of the gamma-ray emission was found, the lowest energy threshold data of 1997 showed a marginal excess of gamma-ray{like events at the 4.1 signicance level. The corresponding gamma-ray ux is calculated to be (2:9 6 0:7) 2 10 012 cm 02 s 01 above 1.9 TeV.
Introduction
Pulsar nebulae have been suggested as a possible acceleration site of high-energy particles in the galaxy (Harding 1990 ). The rst order Fermi acceleration mechanism is expected to occur in a shock between the pulsar wind and supernova ejecta, or interstellar matter. Evidence of such energetic phenomena has been obtained through observation of synchrotron emission by accelerated electrons and positrons at radio to gamma-ray ( 10 GeV) energies. However, more direct evidence has become obtainable through Very High-Energy (VHE) gamma-ray ( 300 GeV) observations over the last decade using the
Imaging Atmospheric Cerenkov Technique (IACT).
VHE gamma-ray emissions from the directions of three energetic pulsars, the Crab (Weekes et al. 1989; Vacanti et al. 1991; Tanimori et al. 1994) ; the Vela pulsar (Yoshikoshi et al. 1997 ) and PSR B1706044 (Kifune et al. 1995 , Chadwick et al. 1997 , have been detected by ground-based telescopes using the IACT. Although all three pulsars show pulsed emission in the EGRET energy range (100MeV{10GeV), none of the VHE gamma-ray detections have shown any periodicity at the radio pulsar period. This steady VHE gamma-ray emission is usually explained to be a result of the inverse Compton scattering in the pulsar nebula, and not from the pulsar magnetosphere. While the mechanism of the emission from the Crab nebula is well studied (see, for example, de Jager et al. 1996) , information on other pulsars is still sparse. In order to study pulsars and their surrounding environment as possible acceleration sites of the cosmic rays, more examples in the VHE gamma-ray range are required.
PSR B1509058 was discovered as an X-ray pulsar by Seward and Harnden (1982) using the Einstein X-ray Observatory. It is near the center of the supernova remnant MSH15052 (G320.401.2). Soon after this discovery, pulsed radio emission was found by Manchester, Tuohy and D'Amico (1982) . The pulsar has a period of 150 msec and a period derivative of { 5 { 1.5 210 012 ss 01 , the largest known today. The characteristic age of the pulsar is estimated to be 1700 years (Manchester et al. 1998) , which makes it the second youngest pulsar after the Crab. 1 From the period and the large period derivative, a very strong surface magnetic eld of 1.5 2 10 13 G and a large spin down energy loss rate of 1.8 2 10 37 ergs s 01 are implied. While the distance to the pulsar is relatively large (4.4 kpc, Taylor et al. 1995) , the expected energy ux received at the Earth is the fth largest among the known pulsars.
A compact ( 10 0 2 6 0 ) synchrotron X-ray nebula has been found to exist around PSR B1509058 (Seward et al. 1984) . The synchrotron emission suggests the existence of non-thermal electrons (positrons) in the nebula, which will also emit VHE gamma-rays via inverse Compton scattering. A detectable VHE gamma-ray ux from this synchrotron nebula was predicted by du Plessis et al. (1995) as a function of the magnetic eld strength in the nebula. The expected gamma-ray ux above 1 TeV of 10 011 to 10 012 cm 02 s 01 for nebula magnetic elds 4 to 10 G is within the sensitivity of the CANGAROO 3.8m
telescope. Thus, VHE observations should give a good measurement of the magnetic eld strength of this nebula. Du Plessis et al. (1995) also predicted a very hard dierential spectral index of 1.8 based on the X-ray observations. This prediction provides us with an extreme example of the utility of multiwavelength studies of synchrotron|inverse-Compton emitting objects. Besides the compact nebula, recent X-ray satellite observations suggest various non-thermal phenomena in this remnant. ROSAT observations indicate a non-thermal X-ray component from the central diuse nebula (CDN) extending to a diameter of 50 0 ( 60pc) centered on the pulsar (Trussoni et al. 1996) . ASCA observations 1 Torii et al. (1997) have reported the discovery of a pulsar 1600 years old. This age is somewhat speculative however as the period derivative of the pulsar has not yet been measured and an association with a historical supernova was assumed to estimate the pulsar age.
{ 6 { revealed a non-thermal jet structure between the pulsar and the center of a thermal nebula about 10 0 north from the pulsar . In order to explain the eective thermalization process of the thermal nebula, Tamura et al. (1996) indicate the existence of accelerated ions as well as electrons in the jet. Furthermore, Gaensler et al. (1998) found synchrotron emission from compact knots in this thermal nebula from 20cm imaging observations with the Australia Telescope Compact Array.
The surface magnetic eld strength of the pulsar PSR B1509058 is estimated to be one of the largest among known pulsars. Due to the photon splitting process caused by this strong surface magnetic eld, a cut-o in the pulsed emission around MeV energies is predicted by Harding, Baring and Gonthier (1997) . In fact, Kuiper et al. (1999) have suggested that a cut-o around 10 MeV exists in the COMPTEL data. EGRET observations have resulted in only an upper limit for the pulsed emission from PSR B1509058 (Thompson et al. 1994 ). In contrast, Nel et al. (1992) have reported the detection of transient pulsed VHE gamma-rays from the observations between 1985 and 1988 based on ground{based (non-imaging) Cerenkov telescope observations. However they could not detect any signicant pulsed emission in the successive years. They tried to explain their observations with the framework of the outer gap model (Cheng, Ho and Ruderman 1986) . (Bowden et al. (1993) reported a upper limit of the pulsed emission above 0.35 TeV from their observations in 1987 and 1989. Combining with the detection by Nel et al. (1992) in 1987 above 1.5 TeV, power law index of the integral energy spectrum is limited to be harder than 1.) Interestingly, Kuiper et al. (1999) also indicate a marginal detection of the pulsed emission above 10 MeV, where the origin may dier from that at lower energies. Consequently, we have examined our data for the presence of periodicity as well. Our observations are the rst results on this pulsar with using the IACT, which is one order of magnitude more sensitive than non-imaging observations.
{ 7 {
For the reasons given above, we believed that PSR B1509058 would be an interesting object to study above 1 TeV energies with the CANGAROO 3.8m IACT telescope in both the steady nebula emission and the pulsed emission. Details of those observations are given in Section-2. The methods of the analysis and results are shown in Section-3. In Section-4, we summarize our results and discuss their implications.
Observations
The CANGAROO (Collaboration between Australia and Nippon (Japan) for a GAmma-Ray Observatory in the Outback) 3.8m telescope is located at Woomera, South
Australia (136 47 and an oset region (OFF source), having the same declination as the pulsar but dierent right ascension, were observed for equal amounts of time each night under moonless and usually clear sky conditions. Typically, the ON source region is observed only once in a night around transit for a few hours. Two OFF source runs are carried out before and after the ON source run. The former one covers the rst half of the ON source track and the latter covers the second half. In the o-line analysis, those data obtained when a small patch of cloud was obscuring the source are omitted. At the same time, the corresponding ON (or OFF) source data were also rejected from the analysis. In addition to the weather selection, the data taken when the electronics noise produced an anomalously large trigger rate were not used in the analysis. This happened in the 1996 observations. In the 1998 data, there are many nights which have a large dierence of the event rate between the ON and OFF source regions, which is thought to be due to the presence of thin dew on the reecting mirror. Data taken under these conditions were also omitted. The durations of selected observations after these procedures are 26 h 30 m , 32 h 08 m and 21 h 14 m for the 1996, 1997 and 1998 (both ON and OFF) data, respectively. These data are used for the analysis in this paper.
Observations were carried out under dierent instrumental conditions in each year.
During the 1996 observations, the reectivity of the mirror was estimated to be ' 45%.
We recoated the mirror in October 1996 by vacuum evaporation of aluminium at the Anglo Australian Observatory. As a result, the reectivity of the mirror increased to about 90%. As the reectivity was improved, the threshold energy of our telescope was lowered.
{ 9 { For the 1997 observations, the threshold energy, dened here as the energy at which a dierential photon ux with an assumed dierential spectral index of 2.5 is maximized in the Monte Carlo calculations, was estimated to be 1.9 TeV, compared to 4.5 TeV before the recoating. By the 1998 observations, the reectivity had decreased to ' 70%, corresponding to a threshold energy of 2.5 TeV. In these estimations, the selection eect of the analysis described in the next section is also taken into account. In the Monte Carlo calculation, we assumed that the observations were made at a zenith angle of 30 , which was close to the average value for our observations on PSR B1509058.
The observation times and threshold energies are summarized in Table 1 , and as well, the analysis results are shown.
EDITOR: PLACE TABLE 1 HERE.
Analysis and Results

Analysis method
At the beginning of each run, the ADC pedestal and gain for each PMT were measured.
To calibrate the gain, a blue LED located at the center of the mirror is used to illuminate the PMTs uniformly. The pedestal value is subtracted from the ADC value and any variations in the PMT gains were normalized using the LED calibration data. PMTs whose TDC value corresponded to a pulse arrival time within 6 30 nsec of the shower plane were regarded as`hit ' tubes and used to calculate image parameters. After omitting some hit tubes which were isolated or which had ADC values less than one standard deviation above the pedestal value, the conventional image parameters (Hillas 1985) were calculated. (In the 1996 data, a fth of the PMTs at the bottom in the camera were omitted from analysis { 10 { to avoid the eect of electronics noise. This makes the threshold energy higher and the eective area smaller. This eect is included in calculating the threshold energy and the ux upper limit.)
The parameter ranges determined from Monte Carlo simulations to optimize the gamma-ray signals are : 0 :60 < distance 1 :30, 0 :04 < width 0 :09, 0 :10 < length 0 :40, 0:35 < concentration 0:70 and 10 . These ranges are slightly narrower than those used in case of the Vela analysis (Yoshikoshi et al. 1997) . The upper limit of , 10 , is adopted assuming the source is a point-like. Two orientation parameters, and distance, are dened with respect to the assumed source position in the eld of view. In this paper, this is xed at the pulsar position except in the spatial analysis discussed in Section-3.4. To avoid the eect of incomplete images near the edge of the camera, images with centroids located at greater than 1 :05 from the center of the camera were also rejected.
We also required that the number of hit tubes (N hit ) must be 5 and the total number of photo-electrons contained in an image (N p:e: ) must be 40 to be able to obtain good image parameters and select only air shower induced events. The upper limit of N p:e: is large enough to accept all real events with large numbers of photo-electrons. In Table 1 , the numbers of events in the raw data and selected are presented. We can nd a large dierence between ON and OFF in the raw data. The main reasons of the dierence in number are the electronics noise in the 1996 data and the existence of the optically bright stars (M V = 4.1 and 4.5) in the eld of view in the 1997 data, where the reectivity of the mirror was the largest. However, the numbers match well after the selection of air shower events. For all the three years' data analyses we applied the same criteria as described above. for 1996, 1997 and 1998 results, respectively. Here, a dierential energy spectral index of 2.5 is assumed. The upper limits and the errors in the ux are estimated based on the numbers of the observed counts. We note that in our calculation of the upper limits the dierence of the counts between ON and OFF are also taken into account following the formula introduced by Helene (1983) . So the 1998 ux upper limit becomes higher than { 12 { that from completely null result. If we change the assumption of the dierential energy spectral index over the range 2:5 6 1:0, the corresponding threshold energies are estimated to change by 730%. Instrumental uncertainties also aect the estimation of the threshold energies. We estimate the systematic error in determining the absolute threshold energies to be about 4050%. However, because almost all of the systematic errors behave in the same way for the three years' observations, the uncertainty of the relative threshold energy is smaller than this value.
Consistency and Stability
The positive indication is obtained only from the lowest threshold energy observation.
But the derived ux and two ux upper limits require neither variability of the source nor a very soft spectral index, that is, the results from the three years are consistent with each other assuming stable emission with a Crab-like spectral index ( 2:5) or the harder index (1.8) expected by du Plessis et al. (1995) . We also divided the 1997 data into separate new moon periods to check on consistency. The results are shown in Table 1 . Each month's result has a marginal positive eect on the nal result. The excess counting rate is stable during the three observation seasons within the statistical errors.
3.4. Spatial analysis PSR B1509058 and its surrounding environment are complex and there are indications from X-ray data that non-thermal phenomena possibly occur over an extended area of this remnant. So it is possible that the gamma-ray{like signal in the 1997 data is not from a point source at the pulsar position but from some other region near the pulsar. Therefore we have carried out a source search in the 2 2 2 eld of view centered on the pulsar { 13 { position. To do this, we shifted the position of the assumed source over a grid of points around the pulsar and repeated the analysis at each point to obtain the excess counts in the distribution. The resultant map of the signicance is shown in Figure 2 .
EDITOR: PLACE FIGURE 2 HERE.
The peak of the excess is found at 0 :1 south-west from the pulsar. But when we consider the degrees of freedom of the search, the signicance at this maximum should be reduced. And also, from a Monte Carlo calculation, where the observed counts of signal and background are taken into account, we estimated that the precision to determine the source position is 0 :10 at the 1 level. We conclude, therefore, that the position of the excess is consistent with the pulsar position within the statistics of our observations.
Periodicity analysis
The recorded arrival times of the gamma-ray{like signals ( 10 after all the image cuts) were converted to the Solar System Barycenter arrival times using the solar system ephemeris based on epoch 2000 (DE200) (Standish, 1982) . We then carried out a phase analysis with the phase parameters summarized in Table 2 (Manchester et al. 1998 ).
Because Nel et al. (1990) pointed out a possibility of a light curve with triple peaks in the TeV energy range, we applied the H-test (de Jager, Swanepoel and Raubenheimer 1989) to obtain the statistical signicance. The virtue of the H-test lies in the fact that it requires no assumptions about bin size and bin location and is also independent of the shape of the light curve. The results are summarized in Table 3 .
EDITOR: PLACE Here, H is the value of the H-test as shown in Table 3 . (For H<0.3 we should take H=0.3 in calculating 3 .) is the duty cycle of the pulse prole. In case of PSR B1509058, we assumed to be 0.3 using the X-ray observation by Kawai et al. (1991) . The 3 upper limits for the pulsed VHE gamma-ray emission are also shown in Table 3 .
Discussion
Our observations can be summarized as follows : (1) (4) The periodicity of the events modulated with the radio pulsar period is studied. We found no evidence of the 150 ms pulsar periodicity using the H-test in any of the observations for three years.
The statistical signicance of the 1997 excess, 4.1, is too small to claim as the detection of a VHE gamma-ray source, however, it is suciently suggestive to allow discussion supposing the excess was due to a VHE gamma-ray signal. With this scheme the simplest and most straightforward explanation can be made assuming that the emission is found from the pulsar nebula surrounding the pulsar. VHE gamma-ray emission from a pulsar nebula is usually considered as a result of inverse Compton scattering by relativistic electrons. From the emission processes of synchrotron and inverse Compton radiations, a simple equation
, can be obtained. Here _ E synch and _ E iC are the luminosities through synchrotron radiation (mainly resulting in quanta in the X-ray energy range) and inverse Compton scattering (mainly producing VHE gamma-rays), respectively, and B and ph are the energy densities of the magnetic eld and the target photons for inverse Compton scattering at the emission region. Assuming isotropic emission of both X-rays and gamma-rays, _ E synch _ E iC can be equated to F synch F iC . Here F synch = 7:2 2 10 011 ergs cm 02 s 01 (0:1 0 2:4 keV) as given by Trussoni et al. (1996) and F iC = 2:7 2 10 011 ergs cm 02 s 01 , obtained by integrating the 1997 ux above 1.9 TeV assuming a dierential spectral index of 2.5. (The corresponding luminosity at the pulsar, L iC , is 6:2 2 10 34 ergs s 01 assuming the pulsar distance of 4.4 kpc. That is 0.34% of the pulsar rotating energy loss.) If the 3 K Microwave Background Radiation (MBR) is the only target of the inverse Compton radiation, i.e., ph = 3K = 3:8 210 013 ergs cm 03 , one obtains B = 1:0 2 10 012 ergs cm 03 . This, then, leads to a value for the magnetic eld strength B ' 5 G. Considering the large uncertainties in the arguments above, this value agrees well with the previously estimated value of { 16 { B ' 7 G, from the equipartition of energy between the particles and the magnetic eld (Seward et al. 1984) . According to the prediction of du Plessis et al. (1995) , our result corresponds to a magnetic eld strength of B ' 5 G. These three estimated values of the magnetic eld agree very well with each other.
An alternative source of the target photons is the IR source IRAS 1509905856, known to be positionally coincident with the pulsar (Arendt 1991 ). Du Plessis et al. (1995 estimated that the contribution from the IR photons to the VHE gamma-ray ux would be at the same level as that from the 3 K MBR. However the association between IRAS 1509905856 and the pulsar is uncertain. In case that the IRAS source found at 25m supplies the target photon for the inverse Compton process, the resultant VHE gamma-ray spectrum is expected to be softer than that made from the 3 K MBR. This is because the critical energy of the parent electrons in the Klein-Nishina cross section is 6 2 10 12 eV against 25m IR radiation while it is 10 15 eV for the 3 K MBR. Therefore, the VHE gamma-ray spectrum should have a rapid softening over the TeV energy range. To understand the association of this IRAS source, detailed spectral measurements with future observations are required as well as the X-ray observations discussed below.
While our observations do not place any interesting limit on the spectral index, the very hard spectrum predicted by du Plessis et al. (1995) should be discussed. Their prediction was based on the observational results of the X-ray spectrum which showed a hardening of the index in the energy range below a few keV (photon index 1.4 +0:4 00:2 below 4 keV while 2.1560.02 between 2 keV and 60 keV). However, recent X-ray observations do not conrm this hardening. The photon indices obtained in the wide X-ray energy band are consistent with a value around 2.2 (Trussoni et al. 1996; Tamura 1997; Marsden et al. 1997 ) though the error of the ROSAT result is large. To discuss the synchrotron spectrum in detail, we need information from radio observations. But, even with the recent high resolution { 17 { observations, a radio pulsar wind nebula has not been discovered (Gaensler et al. 1998 ).
The upper limits set to the periodic signal in this paper are one order of magnitude below the previously reported ux in the same energy band (Nel et al. 1992 Finally, it is notable that, unlike the other pulsar nebulae detected at VHE energies, PSR B1509058 is not rmly detected by EGRET onboard the CGRO satellite. In contrast, this pulsar and its surroundings show a variety of the non-thermal phenomena as introduced in Section-1. A comparison of nonthermal X-ray emission with VHE gamma-ray emission is becoming very useful in the search for VHE gamma-ray sources and study of their environment. Combined with the recent studies of pulsar nebulae (Kawai and Tamura 1996) , the new generation of the Imaging Atmospheric Cerenkov Telescopes (e.g. Matsubara et al. 1997) will result in an improved understanding of pulsar nebulae and particle acceleration. The CANGAROO II 7m telescope started observations at Woomera in mid-1999. From new observations with a lower energy threshold, we will be able to { 18 { measure the gamma-ray spectrum precisely and obtain a better estimation of the physical parameters, especially the magnetic eld strength, in pulsar nebulae. Table 2 . Pulsar timing data (from radio observation) used in the periodicity analysis (Manchester et al. 1998 
